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Abstract

Analyses of high-resolution seismic-reflection data and sediment cores indicate that an extensive sediment deposit on the
central California continental shelf is comprised of several late-Pleistocene to Holocene age facies. Offshore of the littoral
zone, in water depths of 30-90m, a 3-6 m thick veneer of fine sediment referred to as the mid-shelf mudbelt has formed
along 50-100 km of the coast. The mudbelt drapes a parasequence characterized by prograding clinoforms that in places
overlies a 1-3 m thick basal transgressive lag deposit. These facies overlie a prominent erosional unconformity that extends
from the shore to the outer shelf. Eighteen calibrated 4Cams ages of marine molluscs and terrestrial wood detritus
sampled in cores range 15,800 yr BP to modern indicating a postglacial age for these sediments (one > 55,000 yr BP
represents relict sand). We model accumulation of these facies using (1) the topography of the underlying erosional
unconformity interpreted from seismic reflection profiles, (2) observed sediment facies (grain size) distribution across the
shelf (a proxy for wave/current sediment partitioning), and published estimates of (3) eustatic sea-level history, and (4)
regional tectonics. Our model and data indicate that deposition of the transgressive lag began during early, slow postglacial
sea-level rise and that a notable change in depositional environment occurred across an area of more than 200 km? of the
outer shelf likely in response to abrupt drowning during Meltwater Pulse 1B (11,500 yr BP). We propose that rapid
progradation of clinoforms may have occurred during transgression because of the unique interaction of modest rates of
sediment input and tectonic uplift, variable rates of eustatic sea-level rise and a complex stepped antecedent topography.
Published by Elsevier Ltd.
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1. Introduction for terrestrial and marine sediment transported to
the coastal ocean and are increasingly the focus of

Continental shelf sediment bodies are found research efforts to refine our understanding of the

along many of the world’s coasts (Sommerfield
and Nittrouer, 1999; Swift et al., 1991) and are
recognized to be important archives of large-scale
coastal change. They represent one of several sinks
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fate of sediment eroded from coastal settings and
regional sediment budgets (Eittreim et al., 2002a, b),
characterize past sea-level and climatic variability
(Fernandez-Salas et al., 2003), and to better link
transport processes to evolving stratigraphy (Nit-
trouer, 1999). Recently, it has been recognized that
changes in sediment and nutrient delivery to the
coast associated with human land-use activities are
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contributing to extensive shoreline erosion and
degradation of coastal habitats and ecosystem
functions on a global scale (Hughes et al., 2003;
Jackson et al., 2001). Improving our understanding
of the natural variability and depositional history of
sediments on the shelf therefore may help us to
better assess mechanisms of sediment transport and
future impacts to coastal/near-shore systems.

Shelf sediment deposition histories have largely
been based on sequence stratigraphic principles
originally developed for relative sea-level changes
ranging 1-3 million years, considerably coarser than
the millennial and glacial-eustatic frequency sea-
level fluctuations (10*-10°yr) relevant to this paper
(Van Wagoner et al., 1988). Recent detailed studies
of sedimentation along the western US margin
(Columbia River, WA) (Nittrouer and Sternberg,
1981), Eel River (Nittrouer, 1999), Monterey Bay
(Eittreim and Noble, 2002), and Palos Verdes (CA)
(Hampton et al., 2002) have shown that significant
accumulations of fine sediment formed on the shelf
during the latest Pleistocene to Holocene sea-level
transgression. This has led to a renewed interest in
linking sediment transport mechanisms operating at
the “event” (storm) and decadal/centennial scale to
shoreface stratigraphy in order to predict coastal
change (Frignani et al., 2005; Hampson and Storms,

2003; Harris and Wiberg, 1997; Nittrouer, 1999;
Sommerfield et al., 2002; Sommerfield and Lee,
2004; Storms, 2003; Wheatcroft and Borgeld, 2000;
Wiberg et al., 2002). An important gap in our
understanding of coastal evolution is the role and
effect of millennial-scale processes that drive large-
scale coastal behavior and that have conditioned
coastal environments that are now additionally
impacted by human activities (Frignani et al.,
2005; Neill and Allison, 2005). This paper describes
the shallow stratigraphy and morphology of the
central California continental shelf and examines
the depositional history of a mid-shelf sediment
deposit. It tests the hypothesis that a progradational
clinoform wedge buried within the mid-shelf deposit
formed during sea-level transgression, as a result of
a dynamic interplay between an irregular stepped
antecedent topography, modest sediment input,
tectonic uplift, and episodic, variable sea level
history.

2. Study area

This study was conducted on the central Califor-
nia continental shelf in northern Monterey Bay
offshore of Santa Cruz (Fig. 1). The Santa Cruz
shelf today is gently sloping and ~20 km wide out to
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Fig. 1. Location map showing the modern, broad and gradual-sloping central California continental shelf offshore of Santa Cruz, seismic
reflection profile coverage (thin lines, after Eittreim et al., 2002), select profiles (301, 308, 309, 306) analyzed in this study (solid lines),
vibracore sites (solid triangles), and direction of littoral drift (arrows). Depth contours in 10-m intervals out to the shelf break.
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the shelf edge at 100-120 m deep. Geologic mapping
on land and seismic reflection profiling offshore
indicate that the Santa Cruz coastal margin consists
of Miocene to Pleistocene sedimentary rocks dis-
playing seaward-dipping strata cut by northwest-
southeast en echelon folds and faults (Eittreim et al.,
2002a; Greene, 1977; Greene et al., 2002; Nagel and
Mullins, 1983). These structures, and a spectacular
stair-stepping succession of uplifted marine terraces
northwest of Santa Cruz, are consistent with right-
lateral wrench faulting typical of the broader San
Andreas Fault Zone (Anderson, 1994). Radionu-
clide analyses show that the terraces have risen at an
average rate of 1.1 mm/yr over the late Quaternary
(Perg et al., 2001), higher than previous estimates
ranging 0.20-0.54 mm/yr derived from amino acid
racemization and alpha spectrometry uranium-
series ages of molluscs (Bradley and Griggs, 1976;
Kennedy et al., 1982; Lajoie et al., 1991).

The central California shelf annually receives
high waves from North Pacific swell that range
I-5m in height with 14-17s periods between
October and April. Winter storm waves periodically
exceed 8-10m and are commonly accompanied by
south and southwest winds of 11-17m/s that
increase wave steepness and influence sediment
transport across the inner and middle shelf. Long-
period South Pacific swell that range 1-3m (17-20s)
(National Data Buoy Center Buoy 46042) are
common between June and September. This is a
micro- to meso-tidal regime; the mean tidal range is
~1.1m while spring tides range 1.6m (http://
co-ops.nos.noaa.gov/). Annual rainfall along the
central California coast generally ranges 75-200 cm
and increases during El Nifio conditions (e.g. 1982
rainfall reached 250cm). Northwest afternoon
winds ranging 7-12m/s blow almost daily between
April and November, except during rare short-lived
monsoons originating in northern Mexico/southern
California. Strong northwest winds along the
central California coast drive upwelling, and espe-
cially near headlands or promontories, they appear
to drive currents that distribute suspended sediment
and phytoplankton offshore. During winter months
(November—March), wind speeds are generally
lower (2.5-7.0m/s) except during passing fronts
when south and southwest winds followed by
northerly clearing winds commonly blow 10-25m/s.

Sources of sediment to the Santa Cruz littoral cell
include littoral input from the north, fluvial
discharge, cliff and dune retreat, and erosion of
the shelf bedrock (Eittreim et al., 2002b). Littoral

sediment entering from the north is estimated to be
>100,000m®/yr (Best, 1990) and may reach
250,000m’/yr at Santa Cruz (Best and Griggs,
1991). Fluvial discharge from the San Lorenzo,
Pajaro, and Salinas Rivers is the dominant source of
sediment to the coast. Together with sediment
supplied from small streams, these fluvial sources
contribute on average a total of ~2,500,000 m’ of
sediment to the littoral zone each year (Eittreim
et al., 2002b). Rates of coastal retreat between 1930
and 1980 determined from aerial photography of
central California range 0.1-0.6 m/yr with a mean of
0.2m/yr in the Santa Cruz Mudstone and 0.3 m/yr
in the Purisma Formation (Best and Griggs, 1991).
Coastal retreat supplies sediment to the littoral
system at a rate of ~27,000 m?/yr (Best and Griggs,
1991; Perg et al., 2001). Unconsolidated cliffs and
dunes behind central Monterey beaches episodically
retreat at rates of 2-30m, most notably during
strong El Nifio events, and may be adding sediment
to the littoral zone at ~300 m>/yr (Thornton et al.,
2003). Erosion rates of shelf bedrock exposed in the
near-shore and outer shelf remain uncertain. Sedi-
ments reaching the littoral zone are partitioned.
Terrigenous fine sands and silts are advected
seaward and accumulate on the mid-shelf at a rate
of 1.1 x 10°m?/yr based on *'°Pb accumulation
rates extrapolated over the mudbelt area (Eittreim
et al.,, 2002b; Lewis et al., 2002). Estimates of
sediment loss from the littoral system through
Monterey Canyon range ~250,000m’/yr (Best and
Griggs, 1991) to 1 x 10°m?/yr (Paull et al., 2002),
the latter reflecting a more comprehensive study of
bed load, suspended sediment transport, and *'°Pb
accumulation rates. Cross-shelf sediment transport
is observed during winter re-suspension events (Xu
et al., 2002), but the magnitude of this process and
role in sediment bypassing to the slope remains
uncertain. Sediment on the shelf likely escapes to
Soquel Canyon, which dissects one of the thickest
portions of the mid-shelf sediment deposit.

3. Methods

Seismic reflection profiles were obtained as part
of the US Geological Survey Monterey Bay
National Marine Sanctuary Project (Eittreim and
Noble, 2002). Seismic profiles were conducted with
a surface-towed 900 kJ boomer using a 1-kHz center
frequency and receivers consisting of 10 and 3m
hydrophone streamers. Line spacing averaged 150 m
on the inner shelf out to about 5-km offshore, and
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350m offshore (Fig. 1). The digital data were
spatially filtered for swell effects by flattening to a
smooth seafloor using a 24-s boxcar filter. This
eliminated the effects of the dominant 5- to 7-s swell
that characterized conditions during data acquisi-
tion; it had little effect on the morphology of
seafloor features examined here which are generally
smooth and larger than the wavelength filtered. A
temporal band-pass filter of 200-800 was applied to
the stacked data. Accuracy of horizon interpreta-
tions from the seismic data is about 1 m, limited by
the seismic wavelength used. Differential GPS
navigation provided ship-position accuracy better
than +10m.

Nine vibracores ranging from 0.5 to 4.5m in
length were taken at the seaward edge of the
mudbelt where the thickness ranges up to 4m
(Fig. 1). Six cores penetrated silts and coarse sands
to an underlying basal unconformity (see Section
4.2). Cores were analyzed for density, magnetic
susceptibility, and y-ray intensity using a multi-
sensor core logger. Grain size was measured using a
Coulter 100LS. Eighteen '*C dates (Table 1) were
obtained on marine carbonate shells and terrige-
nous wood by accelerator mass spectrometry
(AMS). Marine samples were screened using a
binocular microscope and subjected to a dilute
10% HCL acid etch to remove all exposed (outer)
skeletal material. 6'°C isotope measurements accu-
rate to (+0.01%0) provided an additional check on
skeletal alteration and were used to correct for
fractionation. All dates were calibrated to calendar
years using Calib-5 and are corrected for a marine
reservoir age of 400yr plus a regional correction
for Northern California waters of 267+19yr
(Robinson and Thompshon, 1981; Stuiver and
Reimer, 1993; Stuiver et al., 1998).

Grain-size data used to characterize mean grain-
size distribution across the modern shelf are derived
from 2890 sample measurements compiled by the
US Geological Survey usSEABED project (Reid
et al., 2002). The data used in this analysis consist
primarily of surface grain size measurements from
box core data (Edwards, 2002).

4. Results
4.1. Shelf morphology
The central California shelf today extends be-

tween 10 and 12 km seaward from the shoreline out
to an abrupt shelf break that ranges 100-120 m

depth (Fig. 1). It is widest south of Santa Cruz
where the shelf surrounds the head of Soquel
Canyon. The shelf is generally smooth and gently
inclined (<0.9%). The inner shelf is covered by a
thin (1-2m) veneer of medium to coarse sand in
littoral transport although 1-2m tall outcrops of
the underlying Purisma and Santa Cruz Mudstone
formations are common between Santa Cruz and
Ano Nuevo in water depths of 0—15m (Anima et al.,
2002; Eittreim et al., 2002a). The outer shelf is
characterized by low-relief bedrock outcrops and
thin sheets of relict sands and gravel (Edwards,
2002).

4.2. Pre-Holocene topography—erosion surfaces

A major angular unconformity truncates and
separates the tilted Purisma and Santa Cruz
Mudstone formations from overlying mid-shelf
sediment deposits (Figs. 2-5). This surface is
referred to herein as R1 and is correlated with a
similar prominent angular unconformity in south-
ern Monterey Bay (Chin et al., 1988). In northern
Monterey Bay, R1 slopes gently in the near-shore
and outer shelf but has a prominent stepped
morphology in the central shelf between Santa Cruz
and the Monterey Canyon. This step descends from
~42 m at the top to ~70m at the base along seismic
line 301 and grades into a rampart north of Santa
Cruz. The gradient of the step (3-5%) ranges 3-5
times higher than that of the present 1% sloping
inner and outer shelf.

4.3. Mid-shelf sedimentary facies

The mid-shelf sediment deposit (strata above R1)
extends 50-100km along the central California
coast in water depths ranging ~30-90m between
Ano Nuevo and Monterey Peninsula; the principal
deposit studied here occurs along a 50-km stretch
between Santa Cruz and the Salinas River mouth
(Fig. 6). It is approximately 5km wide and reaches
30-35m thick near the head of Soquel Canyon.
Thickest sections lie just seaward of the base of the
step in unconformity RI1. The surface of the
sediment deposit consists of fine sand and silt
(Edwards, 2002) and a preliminary sediment budget
indicates that it is a primary sink for fine sediment
discharged by the three dominant rivers (San
Lorenzo, Pajaro, and Salinas) and many small
creeks entering Monterey Bay (Eittreim et al.,
2002b).
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Fig. 2. (A) Uninterpreted and (B) interpreted 1 kHz boomer seismic reflection profile along transect 301 (two-way travel time in ms). (B)
Shows stepped pre-Holocene erosion surface (R1), ravinement, maximum flooding surface (mfs), and three seismic facies; basal

transgressive unit, clinoform wedge, and silt drape unit.

Three principal seismic facies are identified in the
central California mid-shelf sediment deposit and
include; (1) basal transgressive unit, (2) clinoform
wedge unit, and (3) overlying drape unit (Figs. 2
and 3). The basal transgressive unit is observed only
along the seaward edge of the mid-shelf and only in
seismic line 301 (Fig. 2). It is characterized by flat-
lying parallel to sub-parallel acoustic reflectors with
moderate reflection amplitudes. It ranges 1-3m
thick. This unit differs significantly from the steeply
dipping strata of the underlying bedrock (Purisma
and Santa Cruz Mudstone Formations, (Eittreim

and Noble, 2002; Greene, 1977; Mullins et al., 1985)
and the overlying moderately dipping acoustic
reflectors characterizing the clinoform wedge.

The clinoform wedge unit is characterized by
regular, oblique parallel and sigmoidal, gently
sloping (1-3%) reflectors that dip away from the
step (Figs. 2, 3). In the central portion of the
clinoform wedge off-stepping reflectors are parallel
to moderately sigmoidal and extensive, while
toward the step, the bedding of the clinoform unit
becomes indistinct. The topsets of the inner wedge
appear slightly truncated, while those of the central
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Fig. 3. (A) Uninterpreted and (B) interpreted 1kHz seismic reflection profile along transect 306. Two-way travel time (in ms). (B) Shows
stepped pre-Holocene erosion surface (R1), ravinement, maximum flooding surface (mfs), clinoform wedge, and silt drape unit.

and outer wedge show little erosion. The clinoforms
downlap the basal transgressive unit on the outer
middle shelf. The clinoform wedge unit extends up
to 5km across the shelf seaward from the step in R1
and reaches 15-20 m thick near the base of the step.

The overlying drape unit ranges 2—-6 m thick and
is comprised of horizontal to slightly oblique
parallel reflectors of moderate amplitude. The drape
unit overlies R1 in portions of the near-shore and
outer shelf, the clinoform wedge, and basal trans-
gressive unit.

4.4. Grain size distribution on the shelf

The modern grain size distribution on the central
California shelf displays a general seaward fining
trend out to the mid-shelf where a shore-parallel
belt of silt and mud extends from Ano Nuevo to the

Monterey Peninsula. This silt-dominated portion of
the shelf is herein referred to as the mid-shelf
mudbelt (Fig. 7). The mid-shelf mudbelt overlies the
clinoform wedge and basal transgressive units that
comprise the bulk of the sediment deposit found
above R1. The littoral zone extends from the
shoreline out to ~30m depth and is characterized
by rippled medium to coarse sands (Edwards, 2002;
Eittreim et al., 2002a). Offshore of Santa Cruz,
transitions to fine sand and to silt occur at ~25 and
~50m, respectively.

4.5. Core samples

4.5.1. Lithology

Sediments sampled in 9 vibracores at three
locations (Fig. 6) that laterally span 15km of the
outer mid-shelf mudbelt reveal similar lithology and
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Fig. 4. 1kHz seismic reflection profile along transect 308 (A) and transect 309 (B) showing erosion surface R1, clinoform wedge and silt

drape. Two-way travel time (in ms).

stratigraphic development (five are shown in Fig. 8).
Two distinct sedimentary facies characterize the
seaward edge of the mid-shelf sediment deposit; a
coarse basal unit and a massive silt drape unit. The
coarse basal unit consists of coarse sands, pebbles
and cobbles with abundant in situ and detrital
skeletal material including bivalves (Macoma cal-
carea, Ensis sp., Solen sicarius, Lyonsia californica),
gastropods (Nemocardium centifilosum, Polinices),
and scaphopods (dentalium hexagonum). Although
many of these have wide depth ranges (0-500 m),
Macoma are more abundant in shallow-shelf
regions and Lyonsia californica are most common
in muddy, low-energy settings including embay-

ments (Smith and Carlton, 1975). Several shells used
for dating (Table 1) are clearly reworked (14-1-222,
15-1-171, 15-1-191), other more delicate and mini-
mally abraded shells (12-1-212A, 12-1-340B, 13-2-
19814-1-237) appear to have been rapidly buried or
spent little time in transport. Terrestrial (wood)
debris also occurs in this facies. The mean grain size
of the matrix supporting the coarse fraction of the
basal unit ranges 0.10-0.15mm (Fig. 8(B), core 14).
We interpret this basal unit as a shallow marine
facies based on the abundance and preservation of
shell material and coarse grain size.

The massive silt drape unit overlies the shallow-
marine facies and consists of featureless, massive silt
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Fig. 5. (A) 200-m gridded elevation of pre-Holocene erosion surface (5-m depth contours (solid lines) displaying erosional step offshore of
Santa Cruz between —40 and —70 m. Shelf edge contours —100 and —120 m (dotted lines). Seismic profiles (Figs. 2-4) for reference (bold
dotted lines). (B) Cross-shore profiles of erosion surface (R1) and modern seafloor bathymetry showing step in erosion surface R1 offshore
of Santa Cruz (Line 301) and 10-20m thick mid-shelf sediment deposit.

and sandy-silt. Skeletal fragments are largely absent is slightly smaller in the middle portions of the
or <0.05mm in size. The mean grain size of this unit relative to the top and contact with the under-
facies ranges 0.03—0.05 mm (Fig. 8(B), core 14) and lying shallow-marine facies. Small (0.5-1.5mm)
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aggregates of silt are infrequently dispersed
throughout this facies and are presumed to be
bioturbated and biologically reworked pelloids
bound by organic matter.

4.5.2. Geochronology

Articulated or extremely delicate bivalves (Sam-
ples 11-1-417, 11-1-362, 12-1-212A, 13-2-198, 14-1-
237, 15-1-125, 15-1-171, Table 1, Fig. 8) including
Macoma calcarea, Ensis sp. (razor clam), gastro-
pods, and scaphopods (dentalium hexagonum),
some in tact, are presumed to be in growth position
or have experienced little transport. Other small
(juvenile) clams (sample 12-1-340A) are thought to
have experienced rapid burial. The age of one wood
sample (13-1-340) is consistent with ages of marine
shells at comparable basal depths among the four
vibracores (11, 12, 13, 14, 15).

The ages of marine skeletal material and terres-
trial wood at the base of cores 11, 12, 13, 14, and 15
range between 14.08 and 15.77ka, indicating that
deposition of the basal unit began sometime after
~14-15ka and accumulated until 11.15-12.36ka
across >15km of the outer mid-shelf. One shell
found at the base of core 15 dated >55,000 "*Cyr
and is presumed to correlate with relict sands of

similar age (Edwards, 2002). One abraded, frac-
tured, and likely reworked shell in core 15 was
subsampled slightly above the basal shallow-marine
facies and is 11.38ka. Only one datable shell was
found in the overlying massive silt-drape at 50-cm
below the surface (9-1-50) and it was composed of
modern carbon.

Vertical sediment accumulation rates based on
the measured '*C ages of the basal unit range
0.1-2.0mm/yr and average 0.3mm/yr (Table 1).
Applying the core-specific accumulation rates up
through each section provides an estimated max-
imum age of the lithologic contact at the top of the
basal shallow-marine facies. The calculated age of
this lithologic contact ranges 11.22-12.62ka for
cores 12, 13, 14, 15 (Fig. 8(B)). A single date of
12.36 ka at the top of the basal unit and immediately
below the contact in core 10 may also be consistent
with this accumulation history.

5. Discussion
5.1. Origin of erosion surface (RI1)

Fig. 9 illustrates the relationship of the erosion
surface (R1) and overlying mid-shelf sediment facies
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Fig. 7. (A) Map of 500-m 12-near-neighbor gridded mean grain size of shelf surface sediment (contours in 1 phi). (B) Cross-shore profiles
of mean grain size along line 301 (sold line), 308 (dotted line), 309 (dashed line), 306 (dotted dash line) showing depth of transition from
medium sand to fine sand (—25m), fine sand to very fine sand (—34 m) and very fine sand to silt (—50 m) along line 301. Also shown is the
mean grain size profile of 308, 309, and 306 (bold solid line). A clear partioning of sediment occurs on the central California shelf with silt
and mud deposited along a mid-shelf mudbelt while sands occur in the near-shore and relict gravels (Edwards, 2002) exist on the outer

shelf edge.

along seismic line 301 to the postglacial eustatic sea-
level history of Bard et al. (1990). The eustatic sea-
level curve was registered to the cross-shore profile
by fixing the modern position of sea level to an
elevation of 0 at the present time and the Last

Glacial Maximum (21ka) position of sea level
(—=120m) to the —120m depth found today near
the shelf break. Also shown with the two, hatched
bands are the depth zones impacted by Meltwater
Pulses (MWP) 1A and 1B, episodes of abrupt
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Fig. 8. (A) Core 14 photograph (representative of seaward mudbelt cores) showing basal coarse shallow-marine facies rich with detrital
shell and wood, in situ articulated molluscs, and fine to coarse sands and gravels underlying massive silt drape displaying occasional mud
clumps. "C dates samples (solid triangles) and depth of lithologic contact between well-sorted fine silt drape and basal poorly sorted
coarse shallow-marine unit. (B) Stratigraphic diagrams of cores from three sites along > 15 km of seaward mudbelt edge. Mean grain size
of matrix (in mm) shown for core 14 (solid line), '*C dated samples (triangles, in 1000yr BP), lithologic contact (dashed line) and
associated age (vertical text, with 2¢ error) based on "*C-derived accumulation rates (see Table 1). The age of contact in each core (except
core 15) centers around 11.5ka coincident with drowning during Meltwater Pulse-1B.

sea-level rise owing to rapid transfer of glacial ice
and proglacial lake water to the oceans (Fairbanks,
1990).

We interpret the ubiquitous strong acoustic
reflector (R1) found at the base of the mid-shelf
sediment deposit (Figs. 2-5, 9) as the Pleistocene-
Holocene erosion surface. It correlates to the
Pleistocene—Holocene erosion surface described
elsewhere on the central California shelf (Chin

et al., 1988; Greene, 1977; Mullins et al., 1985). We
consider the step found between ~40 and 70m
below modern sea level to be formed by terrace
cutting and coastal retreat during the early post-
glacial transgression 21-12ka. During this time
rates of sea-level rise were relatively lower and
matched rates of uplift along the central California
Coast (~1mm/yr, (Perg et al., 2001)), which is
illustrated by the strong correlation between the
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Fig. 10. Possible uplift histories and times of wave abrasion of emergent Santa Cruz marine terraces 1 and 3 (Perg et al., 2001) and
drowned —70 m terrace (this study) relative to late Pleistocene eustatic sea-level history.

cross-shore shape of R1 and postglacial sea-level
history (Fig. 9).

5.2. Constraints on regional uplift rate and marine
terrace origins

Based on our understanding of regional uplift
and eustatic sea-level history, only select periods of
time in the recent past were favorable for erosion of
R1; portions of MIS 6, MIS 3, and MIS2/1. Fig. 10
illustrates the range in uplift of the prominent
emergent Santa Cruz terraces (Terrace 1 and 3 of
Perg et al. (2001)) and the —70m terrace found
along R1 in this study relative to the Lea et al.
(2002) model of late-Pleistocene eustatic sea level.

The two wuplift histories reflect two different
uplift rates; 0.45mm/yr (upper value of previous
estimates (Bradley and Griggs, 1976; Kennedy
et al., 1982; Lajoie et al., 1991)) and 1.1 mm/yr
after (Perg et al., 2001). Wave base delineated 50 m
below the sea-level curve shows the depth of sand
movement and scour through time and is based on
measurements of near-bed shear stresses that trans-
port sand on the shelf (Storlazzi and Jaffe, 2002;
Xu et al., 2002) and observations in this study
of the grain size transition of sands and silts at
—50m (Fig. 7).

Marine terraces and sea cliffs form primarily
through wave and sediment abrasion during
stable sea level, although bioerosion and chemical
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weathering can also be important (Anderson et al.,
1999; Sunamura, 1992). Low rates of sea-level rise
result in the formation of terraces and notches
(Sunamura, 1992), while high rates of rise or fall
encourage preservation through rapid submergence
or emergence as the depth and location of abrasion
quickly migrates across the shelf (Fletcher and
Sherman, 1995). Over millennial time scales, wave
abrasion associated with sea level may reoccupy
specific settings and reshape shelf morphology.

At the lower uplift rate of 0.45mm/yr (Fig. 10),
the emergent Terraces 1 and 3 would have been
susceptible to wave-related erosion processes during
the last three sea-level highstands, whereas at the
higher rate of 1.1 mm/yr, wave erosion would be
largely limited to the period since the middle MIS 6
(Fig. 10). The '°Be and *°Al ages of the Santa Cruz
marine terraces constrain the duration of exposure
of emergent beach deposits that have accumulated
on them and indicate a MIS 3 and 5e origin for
Terraces 1 and 3, respectively (Perg et al., 2001).
The higher (1.1 mm/yr) uplift rate derived from
these terrace ages would greatly enhance the
preservation of the terrace features by rapidly
raising the unconsolidated deposits out of the
influence of wave scour during subsequent sea-level
transgressions which are thought to remove sig-
nificant portions of such shelf deposits from the
geologic record (Trincardi and Field, 1991).

At the lower uplift rate of 0.45mm/yr, erosion
processes available to cut the —70 m terrace and step
of R1 existed during portions of MIS 6, MIS 4-2
(~70-~25ka), and again during the early postgla-
cial transgression (Fig. 10). If R1 formed prior to
the Last Glacial Maximum, then wave processes
associated with early postglacial transgression and
the reduced rates of sea-level rise during the
Younger Dryas, would have likely reshaped differ-
ent sections of it and the step (Fig. 9). At the higher
uplift rate, however, this terrace would have
experienced wave base processes only since MIS 3
and MWP-1A and MWP-1B would have helped
preserve the mid-shelf step morphology in R1, as
the depth of wave scour jumped abruptly above the
top of the step (Fig. 9). Moreover, the low rates of
sea-level rise that typify the early and late post-
glacial transgression likely helped to shape the
uniformly low-sloping parts of Rl on the outer
and inner shelves, respectively, as relative stability
or slight sea-level rise would have dominated if
uplift was close to the 1 mm/yr rate rather than the
lower value.

At coastal retreat rates observed during this
century (0.3-0.6m/yr, Hapke, pers. commun.
2005), the erosion surface (R1) along the outer
and inner shelves (each about ~6km wide along
Line 301) could have formed in 10,000-20,000
years, since the Last Glacial Maximum (21ka).
Rates of retreat were likely higher in the past 10-20
millennia in mid-shelf depths for two reasons; (1)
shallower (more energetic) conditions existed across
the shelf until about 6-8ka, and (2) wave power
reaching the shore was likely higher before the inner
shelf widened and the shoreface equilibrated with
sea-level stability and the dominant wave regime. In
summary, the geometry and correlation of cross-
shelf morphology with postglacial sea-level history,
measurements of wave scour, knowledge of coastal
retreat rates, and our understanding of shelf
sediment preservation lend support that the erosion
surface R1 formed largely under postglacial sea-
level rise and a regional uplift regime consistent with
dated emergent marine terraces.

5.3. Postglacial origin and preservation of mid-shelf
sedimentary facies

Our '*C-derived ages indicate that the basal
shallow-marine shell-rich unit observed in our
vibracores began forming ~14-15ka (Figs. 2, &,
9). A single basal age greater than 55,000 '“C yr BP
from core 15 indicates this basal unit may directly
overlie a unit of relict sands observed elsewhere on
the outer shelf (Edwards, 2002). Assuming the cored
basal unit is correlative to the basal unit observed in
seismic reflection (i.e. along Line 301), then it
predates the overlying clinoform wedge and a model
of trangressive clinoform development (Cattaneo
and Steel, 2003) subsequent to ~14—15ka is likely.
An alternative scenario is that the basal sediments
sampled in our vibracores comprise the seaward
margin of the clinoform wedge itself. This relation-
ship would indicate a low-stand (MIS 2) or
regressive (MIS 3) origin with final accumulation
of the clinoforms occurring between 15ka (base of
dated coarse unit) and ~11.5ka (top of dated coarse
unit). We acknowledge that the mid-shelf deposit
has characteristics of a regressive feature (Trincardi
and Field, 1991). However, because of its modern
depth, geometry, preservation, and tectonic and
accumulation history, we believe it is more likely
that the mid-shelf deposit is younger than MIS 2/3
and representative of a transgressive parasequence
similar to those reviewed in Cattaneo and Steel
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(2003) and Labaune et al. (2005) through advec-
tion—diffusion processes similar to those described
by Pirmez et al. (1998). In addition, core logs noting
penetration to the underlying bedrock suggest that
the basal shallow-marine facies in our core samples
correlate with the basal transgressive unit inter-
preted in seismic reflection profiles. The ages
determined from the basal samples in our cores
then constrain the deposit to a postglacial age.

If our dated samples represent the age of
sediments from the seaward edge of the clinoforms
and not of a distinct basal unit below it, then they
indicate that initial clinoform development near the
inflection point in R1 (now at —50 to —75m) began
earlier than 14-15ka. Prior to 15ka, sea level was
below ~100m (Fig. 10) and 10-35m below the
inflection point in R1 and the landward margin of
the clinoform wedge. These conditions would point
to a subaerial origin for at least the landward
portion of the clinoform unit, similar to shelf-edge
deltas described elsewhere (Suter and Berryhill,
1985). Our seismic reflection data do not show
evidence of a transgressive surface of erosion within
the clinoform wedge or a change in sedimentary
facies within our core samples owing to a transition
from subaerial to marine sedimentation. A more
likely origin for the mid-shelf sediment deposit is
postglacial accumulation.

Although many examples exist of clinoform
development during sea-level regression (Trincardi
and Field, 1991), the likelihood for their preserva-
tion following subsequent transgression along the
energetic central California coast is low, unless they
are lithified or cemented (which incidentally is not
observed among the emergent Santa Cruz marine
terrace sediments). From a sediment budget point of
view, the scenario that only the silt drape is
postglacial produces a significant discrepancy be-
tween modern and past accumulation rates, given
the relatively high modern rates of sediment delivery
to the coast (Best and Griggs, 1991; Perg et al.,
2003), high accumulation on the mid-shelf (Eittreim
et al., 2002b; Lewis et al., 2002), and the suggestion
that historical rates of sediment delivery to the coast
have increased significantly due to human land-use
activities (Paull et al., 2002).

The delicate and articulated nature of several
molluscs found in or approximating growth posi-
tion at the base of our cores (11-1-417, 12-1-212A,
12-1-340B, 13-2-198, 14-1-237, 15-1-171) suggests
that reworking was minimal and/or that burial
(preservation) was rapid. It is apparent from Fig. 9

that several of the marine-carbonate samples
plotted (11-1-417, 14-1-222, 14-1-237, 15-1-171, 15-
1-191) require a significant (4—15m) correction for
uplift in order to originate below sea level. This
adjustment of sample depth to paleo-sea-level
position is consistent with an uplift rate of at least
0.8mm/yr. An additional correction for ~10m
water depth corresponding to modern depths where
fine to coarse littoral sands occur (Fig. 7) and where
similar invertebrates are abundant on the shelf
today (Smith and Carlton, 1975) necessitates a
~1mm/yr uplift rate in agreement with the radio-
nuclide-derived rates for marine terrace emergence
(Perg et al., 2001). In any event, the basal ages
measured are maximum ages for the unit and
therefore accumulation rates (Table 1) derived from
them are minimum rates.

5.4. Depositional model for the mid-shelf sediment
deposit

Based on the radiometric dating of cored
sediment across > 15km of the outer shelf (Figs. 1
and 8) and interpreted stratigraphic relationships
(Figs. 2—4), initial development of the mid-shelf
deposit began shortly after 14-15ka with the
accumulation of the basal shallow-marine facies
when sea level was between 90 and 100m below
present (Fig. 11(A)). Between 14.5 and ~12.0ka,
despite rapid sea-level rise associated with MWP-
1A, the outer shelf was characterized by water
depths of 520 m and presumably moderate to high
energy (similar to the modern wave regime of the
inner shelf). It is during this time that the basal
shallow-marine unit was deposited; this unit may be
the landward extent of coarse relict sediment
observed near the shelf edge today (Edwards,
2002). The downlap of the clinoforms onto the
basal unit and our '*C dates from the uppermost
portion of the basal unit place a maximum age on
the clinoform wedge of ~12-11ka (Figs. 2, 9,
11(A)).

We propose that the origin of the clinoform
wedge is linked to unique depositional processes as
sea level inundated the stepped antecedent topo-
graphy along this particular coast between 11 and
6ka. The geometry and internal structure of the
wedge is similar to those of postglacial shelf-phase
and shelf-edge deltas described along the US
Gulf coast (Suter and Berryhill, 1985), Southern
Washington—Northern Oregon (Twitchell and
Cross, 2001), and recently off of Cadiz, Spain
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Fig. 11. Model of 3-phase sedimentation history. (A) Between 14.5 and 12.0ka (during MWP-1A and just prior to MWP-1B) sea level
floods the outer shelf, which is characterized by shallow, energetic seas fronting and eroding the step in R1 erosion surface. Coarse
sediments rich with shell material deposit as transgressive lag on outer shelf and toward base of step. (B) Abrupt sea-level rise of MWP-1B
rapidly drowns outer shelf settings and over-tops the step in R1 as the shoreline backsteps 2-3 km landward. The inner shelf becomes a
shallow high-energy setting for 5000yr and sediments delivered to it are transported offshore of the erosional step in the form of
prograding clinoforms where adequate accommodation space exists. (C) From 6.0 ka to present, highstand conditions lead to draping of
the entire mid-shelf sediment body with fine silts and mud.

(Fernandez-Salas et al., 2003) and the Rhone Delta
(Labaune et al., 2005). It may represent the first of a
landward-stepping transgressive parasequence of
the T-C2 or T-D type of Cattaneco and Steel
(2003) that are characteristic of settings with
complex antecedent topography and/or high-gradi-
ent, and modest sediment supply (a second back-

stepping progradational unit may have occurred but
is only preserved along Line 306, Fig. 3(B)).
Today, fine to very fine sands are found between
~25 and ~50m in water depths beyond active
littoral drift but shallower than depths of silt
accumulation (Fig. 7). Assuming near-bed shear
stresses associated with waves and currents in the
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past were similar to today, deposition of similar size
materials that comprise clinoforms would occur in
water depths less than ~50m or shallower settings
protected from comparable wave exposure. It is
likely that during abrupt sea-level rise of Meltwater
Pulse 1B (~11.5ka) the shoreline transgressed
rapidly landward (2-3km) above the top of the
step in R1 producing shallow energetic conditions
that promoted transport of fluvial-derived sediment
offshore of the inner shelf (arrow, Fig. 11(B))
through advection—diffusion processes and sediment
by-pass across the shelf (Pirmez et al., 1998).
Between 11 and 6ka, the only adequate accommo-
dation space for the sand-size fraction of sediment
input by the area’s rivers existed secaward of the step
in R1; a setting ideal for the accumulation of
sediment and formation of clinoforms. Sediment
by-pass would help to explain the slight truncations
of the topset structures that are more apparent near
the step rather than the secaward edge of the
clinoforms.

We interpret the silt drape facies displaying
internal upward coarsening sediments (Fig. 8; also
see Edwards, 2002) as part of the highstand system
tract (Fig. 11(C)). A modern '*C-derived age of shell
buried at 50cm reflects modern physical and/or
biogenic mixing to this depth, which is slightly
deeper but consistent with *'°Pb analyses (Lewis
et al.,, 2002) that suggest modern processes and
sediment contribute to the mudbelt. The contact
between the silt drape and underlying clinoform
wedge and basal units is interpreted as a maximum
flooding surface (Fig. 2). The draping of silt size
sediment over pre-existing substrates since eustatic
sea level stabilized (~6ka) across depths of ~85m is
consistent with its accumulation today through
across- and along-shore (northwestward) suspen-
sion and advection processes (Storlazzi and Jaffe,
2002; Xu et al., 2002). The dominant sources for this
silt fraction are thought to be the San Lorenzo,
Pajaro and Salinas Rivers and the numerous small,
high-relief coastal streams that together discharge
>2.5x10°m’ of sediment to the coast each year
(Eittreim et al., 2002b).

5.5. Clinoform development and sediment budget

To test the validity of this postglacial reconstruc-
tion and whether the volume of sediment input
needed to form the clinoform wedge during
transgression (11-6ka) is consistent with inputs
observed along the central California coast, we

compare the rate of sediment addition needed to
produce the clinoform wedge with the regional
sediment budget. Based on the average clinoform
wedge thickness of 15m and average cross-shore
length of 5km, the volume of sediment needed
annually to form the clinoform wedge along the
50-km area offshore of Santa Cruz over 5000 years
(11-6ka) is 750,000 m>. This value is comparable to
the 780,000 m* of littoral sand input annually to the
shelf from all sources not including littoral inputs
from the north, which are thought to escape the
shelf through Monterey Canyon (Eittreim et al.,
2002b). This suggests that clinoform development
between ~11 and 6ka does not require an
unreasonable sediment supply, but in fact one
similar to that observed today. In addition, sedi-
ment delivery to the coast may have been greater
between 11 and 6 ka due to wetter early Holocene
climate following the Younger Dryas (~12ka) as
observed in the Southwest (Liu et al., 2000; Rhode,
2002) similar to wet El Nifio conditions today
(Hicks and Inman, 1987; Inman and Jenkin, 1999).
This may help to explain increases in sediment
inputs on similar shelf deposits (e.g. Southern
Washington/Northern Oregon (Twitchell and
Cross, 2001). Such an increase in sediment supply
could have compensated for increased loss from the
shelf or enhanced sediment bypassing through
canyons during lower sea level. Interestingly, this
reconstruction of transgressive clinoform develop-
ment does not require a fall in sea level as suggested
for other systems (Fernandez-Salas et al., 2003).

5.6. Abrupt change ca. 11.5 ka

We ascribe the abrupt lithological transition from
coarse, shell-rich sands and gravels to massive silt in
our cores along >15km of the outer shelf to the
11.5ka MWP-1B drowning event. Based on the
average accretion rates derived from '*C ages of
shells in the basal shallow-marine facies (Fig. 8§,
Table 1), this lithologic transition occurs at
11.440.2ka. The change in lithology ca. MWP-1B
is consistent with rapid (1) drowning and decrease in
near-bed shear stresses and (2) landward relocation
of sediment inputs that would have occurred as the
shoreline transgressed >2-3km landward up and
over the stepped R1 erosion surface. Sea-level
reconstructions show that at the time the basal unit
was deposited (15-11.5ka), water depth (accommo-
dation space) was 8—15m near our core sites, while
immediately following MWP-1B (the age of the
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lithologic contact), water depth rapidly increased to
~50m. This depth is consistent with the lower wave
energy and the depth where a transition from sand
to silt is observed on the shelf today (Fig. 7). In core
15, an earlier transition (12.6ka) may represent
localized change in depositional energy along line
309 (Figs. 1, 5).

5.7. Role of time, topography and accommodation
space on sediment accumulation

A relatively simple model of the duration of time
available for sediment accumulation during post-
glacial transgression on the central California shelf
lends support to a postglacial origin for the mid-
shelf deposit. Initial sea-level inundation for any
depth on the shelf or R1 surface can be determined
using a sea-level curve lookup table and accounting
for uplift (Fig. 12). Correcting that shelf position for
uplift over the duration of time it has been
inundated, followed by a second consult of the
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eustatic sea level curve, provides a means of
calculating the time of initial inundation of the
shelf prior to uplift. Fig. 13(A) shows the timing of
sea-level inundation across the central California
shelf, assuming (1) the erosion surface (R1) is the
Pleistocene—Holocene erosion surface, and (2) Rl
experienced 1 mm/yr of uplift through time. This
reconstruction of relative sea-level history provides
a maximum age for postglacial marine deposition
(i.e. deposition of the basal shallow-marine facies
observed in cores and seismic reflection data). This
model suggests that much of the shelf was inundated
by ~11ka and the present position of the shoreline
was reached by sea level ~8-9 ka along most of the
coast. If this last point is correct, littoral processes
on the inner Santa Cruz shelf have operated 2-3 kyr
longer than on stable coasts where sea level peaked
~6ka (Bard et al., 1990; Peltier, 1994; Pirazzoli,
1991).

Dividing the deposit thickness (isopach map of
Fig. 6) by shelf age (Fig. 13(A)) provides an estimate
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Fig. 12. Diagram showing method of determining initial sea-level inundation age of shelf prior to uplift. A position on the shelf today
(a = —40m) was inundated by eustatic sea level ca. 10.85ka (b). Adjusting this depth for 10.85kyr of uplift at the rate of 1.1 m/kyr we
calculate the initial depth of flooding to be —51.20 m (c¢). The corresponding time of initial flooding (11.47 ka) then can be read off of the

sea-level curve (d).
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A

(B)

Fig. 13. (A) Map showing initial flooding age of shelf. This age provides a maximum age for deposition of marine sediments on the mid-
shelf and a basis for calculating long-term sedimentation history. (B) Long-term accumulation rates (LTARs) across the mid-shelf deposit
calculated by dividing deposit thickness (Fig. 6) by shelf inundation age (Fig. 13(B)). LTARs are minimum rates as deposition likely lagged
an uncertain period of time behind sea-level inundation.

of long-term accumulation rates (LTARs) across behind sea-level inundation, especially in the high-
the mid-shelf deposit (Fig. 13(B)) which are mini- energy environment of central California. They can
mum rates since initial sedimentation likely lagged be compared to modern rates to test whether our
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reconstructions are reasonable and whether the
processes controlling sedimentation (e.g. accommo-
dation space, uplift, sediment supply) are consistent
with modern observations. Significant deviations
between long-term and modern accumulation rates
might elucidate possible variations in these pro-
cesses and in sediment accumulation patterns or
other environmental phenomena to explain the
deposit origin. The calculated LTARs range be-
tween 0.01 and 2.60mm/yr and are within the
order of magnitude of and only slightly lower
than modern rates based on 2'°Pb that range
1.0-3.9 mm/yr (Lewis et al., 2002). They are greatest
in mid-shelf depths near the base of the step in the
pre-Holocene erosion surface (R1) and near the
mouth of the Salinas River, consistent with modern
observations, and reflect the importance of time,
antecedent topography, and accommodation space
on sediment accumulation across the shelf over long
timescales.

A cross-section along Line 301 illustrates the
importance of adequate accommodation space on
sediment accumulation in two dimensions (Fig. 14).
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Fig. 14(A) shows the duration of time that each
position of the surface (R1) along Line 301 spent
within the depths that fine sand and silt are
deposited today. This model of accommodation
space accounts for uplift since initial shelf inunda-
tion (Fig. 13(A)) and variations in accommodation
space resulting from changing position of sea level
over the irregular stepped topography of surface
R1. Fig. 14(B) shows the measured thickness of the
mid-shelf deposit and the strong correlation be-
tween it and the duration of time for accommoda-
tion of fine sediment accumulation lends support for
a postglacial origin of the entire mid-shelf deposit.
The shape of the accommodation space curve and
resulting deposit is controlled by the combined
influence of the antecedent stepped morphology,
uplift, and the episodic behavior of eustatic sea-level
history.

A modern C age of shell material buried at
50cm within the silt drape (core 9) indicates that
modern sedimentation and mixing occurs near the
seaward edge of the mudbelt (Table 1, Fig. 2 and 6),
consistent with 2'°Pb analyses of recent sediment
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Fig. 14. (A) Plot of the duration of time that accommodation space for deposition of fine materials (fine sands and silt, today found
between 25 and 85m, Fig. 7) relative to the erosion surface (R1) along seismic line 301. (B) Plot of the measured mid-shelf deposit
thickness along line 301 relative to R1. A peak of ~14kyr in duration within the 25-85m accommodation zone near the base of the
erosional step provides a first-order prediction of the maximum mid-shelf deposit thickness.
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accumulation across the mudbelt (Lewis et al.,
2002). This upper 50-cm thick unit of the 50-km
long, 5-km wide mudbelt offshore of Santa Cruz
and the Salinas River contains 125,000,000 m>, a
volume representing ~70 yr of accumulation given
the estimated modern rate of silt/clay input to the
shelf of 1,750,000 m*/yr (Eittreim et al., 2002b). This
is a relatively short time and is consistent with the
modern shell found in our study that suggests the
upper portion of the mudbelt can be explained by
modern sediment inputs and accumulation. These
results also indicate, however, that modern sedi-
mentation rates are significantly greater than those
that formed the rest of the silt drape and mid-shelf
sediment body. The silt drape is likely much older
than 420-840yr which would be calculated if the
3—6m thick drape accumulates 50 cm every 70 yr. In
addition, the basal ages of the deposit shown in this
study (15,000-14,000 yr BP) are significantly older
than a 3273yrBP age derived by dividing the
deposit volume (3.6 x 10°m?) by the annual sedi-
ment accumulation rate that occurs over the
mudbelt today (1,100,000m?/yr, Eittreim et al.,
2002b; Lewis et al., 2002). This provokes questions
regarding the fate of sediment reaching the shelf,
processes that can explain the discrepancy between
modern and past rates and patterns of sediment
accumulation, and whether human activities are
altering sedimentation on the seafloor as suggested
by Paull et al. (2002).

6. Summary

Analyses of high-resolution shallow seismic re-
flection and sedimentologic data from cores and
surface samples suggest that an extensive 3.6 km?
(30-m thick) sediment body on the central Califor-
nia continental shelf likely formed during the
postglacial transgression, beginning about 15ka.
An abrupt change in depositional environment
occurred at ~12-11ka after accumulation of a
shallow basal lag that left outer and mid-shelf
centers of accumulation far from their terrestrial
sediment sources and in deep, calmer water where
transport processes weakened. In the latter portion
of the transgression, uplift rates as great as and
sometimes greater than rates of sea-level rise
brought the middle and inner shelf into the depths
actively reworked by waves and currents forcing
progradation of mid-shelf sediments. A model is
proposed that describes how extensive progradation
and delta-like clinoforms developed in response to

the unique interaction of modest sediment supply
and uplift, episodic and variable sea-level history,
and a complex stepped antecedent substrate that
immediately followed Meltwater Pulse 1B (11.5ka)
and lasted until ~6ka. These conditions may have
temporarily promoted progradation over back
stepping despite sea-level transgression. An alter-
native model for the formation of the clinoform
wedge is that progradation occurred during MIS 3
sea-level fall and preservation of the clinoform
wedge was high during the postglacial transgression,
possibly because of the stepped antecedent topo-
graphy of the shelf.
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